Abstract-In this review I address the question: can we understand the mechanics of organelles and cells based on the material properties and spatial arrangements of the cytoskeletal molecules such as microtubules, actin filaments and the host of associated proteins that crosslink them? In other words, can we do a structural analysis of a cell, as a mechanical engineer would perform a structural analysis on the design of a building or a bridge? This question can now be addressed because mechanical properties, such as stiffness and flexural rigidity, have been measured for several cytoskeletal proteins using single-molecule techniques. Owing to their small size, individual filaments are very soft and are readily bent by thermal and motor-driven forces. Strength can be increased by crosslinking. Crosslinked bundles are a first step in a hierarchy of structures formed with filaments. Recent work has clarified how the rigidity of crosslinked bundles varies with the length and the number of constituent filaments. From these considerations comes an appreciation for how the material properties of the cytoskeleton impose mechanical limitations on the design of organelles such as axonemes and hair bundles. The combination of theory and experiment promises to put cellular biomechanics on a firm molecular foundation.
INTRODUCTION
When reading the classic textbook on biomechanics by Fung, 15 I am struck, as a cell biologist, by the paucity of molecules. There are terrific discussions of the mechanics of blood flow, blood cells, tendon, bone, and muscle, but little discussion of the mechanics of the molecules of the cytoskeleton-microtubules, actin filaments, intermediate filaments, and the host of associated proteins-that structure these cells and tissues. Even recent textbooks hardly mention molecules. 10 In contrast, the cell biology textbooks (e.g., Refs. 1,57) have detailed descriptions of the cytoskeleton; but they do not take the crucial mechanical view of the engineer who wants to know how the cytoskeleton shapes and stabilizes larger structures such as organelles, cells, and tissues. 26 In this review I will sketch out a possible program in molecular biomechanics that might bridge the gap between molecules and cells.
Recent Developments in Molecular and Cell Biology
The traditional non-molecular view of biomechanics is changing rapidly because of two major developments over the last decades. The first is the sequencing of genomes. We now know all the putative proteins in organisms ranging from bacteria to man. Though most of these proteins are still not well enough characterized, we can often guess their function based on the domains they contain. The important thing is that the total number of proteins-the major building blocks of cells and tissues-though large, is finite. For biomechanics, this means that a molecular analysis of even very complex cellular structures such as the mitotic spindle that segregates the duplicated chromosomes in dividing cells and the leading edge of locomoting cells is a finite problem. For example, there are less than a 1000 genes essential for cell division in worms 65 and about the same number associated with in the axoneme, the motile organelle of cilia and flagella. 42 Even though the number of essential structural components is likely to be much smaller, the task of understanding the molecular basis for the structure of these organelles is still daunting.
The second major development is the detection and manipulation of single molecules. Assays were developed to reconstitute the movement of single motor proteins (kinesin) along cytoskeletal filaments (microtubules) using purified components. 30 A variety of micromechanical techniques involving optical traps, 13, 67 glass fibers, 49 and hydrodynamic loads 32 could then be used to measure the forces generated by single motor proteins. At around the same time, the forces required to dissociate a single ligand molecule from a protein 48, 51 and to unfold a protein 60 were measured by atomic force microscopy. Total-internalreflection fluorescence microscopy allowed single fluorescently labeled proteins to be detected, 14 and single-molecule fluorescence spectroscopy 17 is now widely used in vitro and in cells. The first mechanical measurements on reconstituted cytoskeletal filaments were made using darkfield microscopy ( Fig. 1) : the stunning images of single actin filaments undergoing thermally induced fluctuations showed directly that these filaments are very soft-they are ''semi-flexible,'' see below-and provided the first estimate of the flexural rigidity of cytoskeletal filaments. 52 These observations ushered in a new era of single-molecule mechanics.
Cellular and Molecular Biomechanics
Application of single-molecule techniques has provided quite a detailed characterization of the mechanical properties of cytoskeletal proteins. The flexural rigidity, torsional rigidity, longitudinal stiffness, and tensile strength of actin filaments have been measured. 71 The flexural rigidity of microtubules is known 21 as is the stiffness of some of the proteins that crosslink the cytoskeletal filaments together, such as motor proteins, 73 nexin links in axonemes, 43 spectrin that connects actin filaments together in a meshwork adjacent to the plasma membrane 66 and ankyrin that links the actin-spectrin network to membrane proteins. 40 Even though it is still early days in the characterization of the material properties of the cytoskeleton, there is enough known to raise the question that I want to focus on in this review: can we understand the mechanics of whole organelles and cells based on the mechanical properties and spatial arrangements of the cytoskeletal molecules? In other words, can we do a structural analysis of a cell, as a mechanical engineer would perform a structural analysis on the design of a building or a bridge? If we could, then this would put cellular biomechanics on a firm molecular foundation.
Why should we bother? I think that there are several reasons. First, it is intellectually satisfying to understand how beautiful organelles such as the axoneme, the mitotic spindle, and the hair bundle (the sensory organelle of hair cells in the inner ear) work as mechanical devices. Second, understanding the design principles underlying biological structures may provide inspiration or ideas for how to build new synthetic materials. Two notable examples are Velcro, that mimics a burr, and the anti-spoiling surfaces based on the nanostructure of the lotus leaf. 53 A third reason is to understand the effects of physical trauma on cells, such as neurons. And lastly, when designing implants, it is possible that matching the mechanical impedances between inanimate materials and living tissues may be as important as chemical compatibility. This is because cells sense and respond to their mechanical environment (e.g., Ref. 4). For example, fibroblasts move away from surfaces with low rigidity 44 and mesenchymal stem cells differentiate depending on the elasticity of the matrix in which they are cultured. 12 The mechanical properties of cells and their environments are clearly very important for biological function.
Design Principles
Before we get into the nuts and bolts of the cytoskeleton, I will first contrast the design principles underlying cell architecture with those underlying everyday structures. Engineers design structures to be strong enough that they do not fall down. Beams are chosen with appropriate safety margins. An important consideration is the minimization of the cost of materials. The main problem is gravity: the strength of a column increases with its area but the weight increases with its volume. Consequently, as the height increases, the weight will eventually exceed the tensile strength of the material, and the structure will collapse. This sets the maximum size of buildings, trees, and elephants (see e.g., Ref. 24) . On the other hand, gravity is not a problem for cells. As the overall dimension gets smaller, gravity becomes negligible. For example, a single motor protein (dimension~10 nm) can generate enough force (~5 pN) to lift the weight of a red blood cell (dimension~10 lm) that is approximately 1000 times larger in linear dimension and a billions times larger in volume. One expects different design principles for different size scales.
Cells and organelles, like buildings and bridges, have structures that reflect or are a consequence of their function. For example, a bipolar mitotic spindle is a microtubule-based structure ''designed'' to FIGURE 1. Thermal fluctuations of an actin filament. The filament is 11.5 lm long and the sequential dark-field micrographs were taken at 1/12-s intervals. From Nagashima and Asakura. 52 segregate the duplicated chromosomes, and the hair bundle is ''designed'' to detect forces arising from sounds or body accelerations. Structure dictates function and vice versa in both the macroscopic and the microscope world. However, there are important differences. For cells, the design is arrived at through the trial and error process of evolution, rather than at the hand of the engineer. The construction is also very different. Buildings are constructed by architects and foremen who follow a plan and oversee the entire process. Cells have no master builder. Rather, cells are made of ''smart bricks'' that somehow know where they should be. This process of self-organization is very poorly understood and is a major open question in cell biology. I will come back to it at the end of this review.
Is there a single unifying concept underlying cell mechanics? One proposal is tensegrity. 33 The idea is that the cell is a pre-stressed composite of tensile and compression elements, and the tension produces the integrity. The idea came from the sculptures of Kenneth Snelson (US Patent 3,169,611) and the term was coined by Buckminster Fuller. In the cell, the thin, cable-like actin filaments are postulated to be the tensile elements and the thick, pipe-like microtubules are the compression elements. This idea has some experimental support. For example, many cells are pre-stressed, and the depolymerization of the actin filaments can lead to cell elongation that depends on the microtubules 38 or the extracellular matrix. 62 However, other observations are not consistent with the tensegrity model. For example, actin filaments need not be in tension and microtubules need not be in compression. In the leading edge of locomoting cells, actin filaments push the membrane forward; 58 so actin filaments can be in compression. In mitosis, shortening of microtubules pulls the chromosomes to the two poles 55 and pulls the mitotic spindle towards the cortex; 23 so microtubules can be in tension. Another weakness of the tensegrity concept is that it is a qualitative rather than quantitative one. How much tension? How strong? Surely detailed structural information is needed to determine whether a cell or organelle can withstand forces generated from within, by their motor proteins for example, or impinging from outside, from external pressure or shear.
Mechanics of Cellular Materials
To understand the mechanics of a cell or organelle one needs to consider the details of the arrangements of the cytoskeleton, just as a mechanical engineer needs to know the details of the plan and materials to know whether a building or bridge will hold up. But this is not a problem because electron microscopy can provide the information. Furthermore, dramatic improvements in electron cryo-microscopy have greatly improved the preservation of samples, and atomic structures can now be modeled into the EM images. This is beautifully demonstrated in recent images of the leading edge 47 and the sperm flagellum. 54 Thus it is becoming feasible to span from atomic dimensions (0.1-1 nm) to cellular dimensions (up to 1000 nm). This gives additional impetus to the foundations of biomechanics: will it be possible one day to build an atomic model of a cell and predict its mechanical properties? Given the arrangement of the filaments and the crossbridges between them, what are the mechanical properties of the structure? This seems like a straightforward exercise in mechanical engineering 101. 18 But this is not the case. There are lots of surprises. When filaments are crosslinked together there is an interesting transition as one goes from a collection of independent rods whose strength increases only in proportion to the number of individuals, to a tightly coupled bundle whose strength increases with the square of the number. 29 The latter is the proverbial strength in numbers. Pre-stress can also stiffen cellular structures by tautening the crosslinks between filaments. 16 Cytoskeletal polymers are also interesting because, as mentioned earlier, they are soft enough to be significantly bent by thermal forces. This brings up a fundamental property of shape at the molecular level: shape is a mechanical property because it is contingent on the strength of the structure. And third, the cytoskeleton is highly dynamic-the filaments grow and shrink-and this means that the mechanical properties depend on the time-scale of the measurement. In the remainder of this review I will sketch out some of these ideas and then take stock of where we are, where we need to go in the future. An important conclusion is that there is still a lot to do!
Bending and Buckling of Beams
The building block of structures is the beam (Fig. 2) . A beam is a slender rod whose cross-section is much smaller than its length (L); we will make this statement more precise later on. If the beam is only slightly bent, so that the tangent angle is small everywhere, then we can represent its shape as a function y(x) (Fig. 2a) . If a force per unit length f(x) acts on the beam and bends it, then the total energy of the beam depends on its shape according to
j is the flexural rigidity (also known as the bending stiffness) and d 2 y/dx 2 is approximately equal to the curvature. The first term represents the bending energy of the beam, and the second term is the work that the force does on it. For an isotropic and homogenous material, the flexural rigidity is j = EI where E is the Young's modulus, that relates the stress in the material to its strain, and I ¼ R z 2 da is the second moment of area (Fig. 2b) . I is proportional to the fourth power of the radius, r (I = pr 4 /4 for a circular section). At mechanical equilibrium, the beam will adopt a shape that minimizes its energy. From the calculus of variations, it can be shown that y(x) satisfies the following differential equation
In the case of a clamped beam (yð0Þ ¼ y 0 ð0Þ ¼ 0) with a concentrated force, F, at its free end, the deflection of the free end is y(L) = FL 3 /3j. Because the deflection is proportional to the force, we can think of this cantilevered beam as a spring with stiffness
The flexural rigidity of microtubules, measured with optical tweezers, hydrodynamic forces and thermal forces, is in the range 10-40 · 10 -24 N m 2 (Refs. 21, 36, 50) . Using the cross-section of the microtubule derived from structural studies 41 to estimate the second moment of area, and assuming that the protein material is isotropic and homogenous, we obtain a Young's modulus E % 2 GPa. This is similar to the Young's modulus of hard plastics, 35 dry hair, hoofs, and tendons. 75 The flexural rigidity of actin filaments is much less than that of microtubules. However, given that the cross-sectional area of an actin filament is much smaller than that of the microtubule (20 nm 2 compared to 200 nm 2 ), the Young's modulus is similar. Thus the differences in mechanical properties of actin and microtubules can primarily be attributed to the different geometries of the filaments rather than their material properties. This is interesting because the constituent proteins-actin and tubulin-have no structural similarity. Several other filamentous proteins have similar material properties. 26 This suggests that isotropy and homogeneity may be reasonable approximations, at least in the case of structural proteins. An important future direction will be to understand the material properties of proteins in terms of their molecular structure. 2, 5, 66 The flexural rigidity of a filament determines its resistance to a compressive load. A central result in mechanical engineering textbooks, is the existence of a maximum compressive load that a beam can withstand before it buckles. The critical force is
(assuming the ends are fixed but free to swivel). Because the flexural rigidity scales with 4th power of the diameter, the buckling force decreases quickly as the overall dimensions of a beam are scaled down. A single motor protein that generates a force of~6 pN can buckle a 10-lm-long microtubule. 20 A single myosin molecule can buckle an actin filament that is only~1 lm long.
Cytoskeletal Filaments are Semiflexible Polymers
Owing to their small diameter, cytoskeletal filaments are so flexible that they are appreciably bent by thermal forces. The spring constant of a cantilevered microtubule of length 10 lm is only 0.1 lN/m. This is very soft: a force of only 0.1 pN at the end will deflect it through 1 lm. The amount of thermally induced bending can be estimated using the equipartition theorem: the average potential energy equals 1 2 k B T where k B is the Boltzmann constant and T is absolute temperature. The potential energy of a cantilevered spring deflected through a distance x is 1 2 Kx 2 ; and so for the a 10 lm-long microtubule the standard deviation of the end deflection at room temperature is %0.25 lm, readily observable under an optical microscope. The thermal fluctuations of actin filaments are even more pronounced (Fig. 1) , because of their lower rigidity.
In describing the thermally induced bending of a filament, the persistence length, L p is a useful concept. It is proportional to the flexural rigidity (L p = j/k B T) and corresponds to the length over which the angle at one end becomes uncorrelated with the angle at the other (see Ref. 27 for a rigorous definition). The persistence lengths of microtubules, actin filaments and DNA are respectively 6 mm, 10 lm, and 50 nm. Thus actin filaments are semiflexible over cellular dimensions, while microtubules are stiff and DNA is very flexible.
Filament Bundles
In order to build rigid structures, the filaments must be crosslinked together. Consider two filaments coupled by shear springs of stiffness k per unit length that resist sliding between the filaments. There are two extreme cases (Fig. 3) . If the shear springs are relatively soft, the filaments will not change length during bending. The two filaments will bend independently (Fig. 3a) , and the flexural rigidity will simply be twice that of the individual filament, 2j. On the other hand, if the shear springs are very rigid so that no sliding is possible, then the flexural rigidity will be much larger. This is because in order to bend, one filament has to be stretched while the other compressed (Fig. 3b) . If the separation is much larger than the diameters of the individual filaments, then the flexural rigidity will be 2EaR 2 where a is the cross-sectional area of each filament and 2R is the center-to-center separation. Clearly strongly-crosslinked filaments will be much more resistant to both bending and buckling.
The strength of coupling between the filaments determines how the rigidity scales with the number of filaments. If the coupling is weak, then the flexural rigidity of a symmetric array is proportional to the number of constituent filaments, N. If the coupling is strong then it scales as N 2 (Refs. 3, 29) . This scaling behavior has been reconstituted with purified actin filaments and the crosslinking protein fascin: at low crosslinker density the flexural rigidity of the bundle scales with N and at high density with N 2 (Ref. 9) . The stiffness of a hair bundle increases in proportion to the number of its stereocilia, the enlarged actin-filament-containing microvilli that form the organelle. This indicates that the links between stereocilia that oppose shear are relatively soft. 29 By contrast, the stereocilia themselves behave as rigid rods that pivot about their insertions into the apical surface of the cell, 29 indicating that the individual actin filaments within the stereocilia are strongly coupled by the crosslinking proteins fimbrin and/or espin. Because the fimbrin-related protein plastin is a weak crosslinker, 9 the strong coupling may be mediated by espin, mutations in whose gene leads to deafness in mice and humans. 63 Recent work has shown that the crossover between weak and strong coupling depends on the length of the filament. For a pair of crosslinked filaments, the critical length is 3,25
Above this length coupling is strong. The reason for the length dependence is that the total resistance to shear gets larger as the filament gets longer (the shear springs are in parallel). An interesting corollary of the length-dependent crossover, is that the flexural rigidity of a bundle is expected to depend on the length. Such a length-dependent flexural rigidity, attributed to weak crosslinking, has been observed for crosslinked bundles of microtubules in pillar cells in the inner ear. 70 Even single microtubules have been reported to have a length-dependent flexural rigidity. 37, 39, 56 Microtubules can therefore be viewed as a bundle of 13 protofilaments that are quite weakly crosslinked together and therefore mechanically anisotropic. The latter study (Ref. 56) found that the flexural rigidity of microtubules increased 10-fold with length, with the halfmaximum rigidity occurring at a length of~20 lm. Because the shear stiffness is related to the shear modulus by G = kR/r (Fig. 4) and because the crossover length is 1000-2000 times greater than the diameters of the microtubule and the protofilament, the ratio of the shear modulus to the Young's modulus is predicted to be very small,~10 -6 . For comparison, an isotropic and homogenous material has a ratio equal to 1/(2(1 + r)) % 1/2.5 where r is the Poisson ratio, which for solids has typical values of~0.25. Though molecular simulations do indicate that the bonds between tubulins are weaker between protofilaments than within protofilaments, 64 the extent of the anisotropy is surprising given the atomic model of the microtubule has ''a fair degree of complementarity across the interface'' between protofilaments. 41 It will be important to confirm the mechanical measurements as well as to model the mechanical properties of the inter-protofilament connections.
The length-dependent crossover has interesting implications for the design of axonemes (Fig. 5 ). Axonemes beat due to the sliding between the doublet microtubules driven by the motor protein dynein. Recent work from our lab has shown that a model in which load accelerates the detachment of the dyneins from the microtubule can account for the propagation of the beat. 59 However, the model will break down if there is no sliding and therefore the wavelength of the beat, k, cannot be too long. The critical wavelength is k 2 c ¼ 2p
2 Ea=k. For parameters measured for the bull sperm, 58 where the shear stiffness is contributed primarily by the motors themselves, the critical wavelength is~70 lm. Interestingly, the wavelength of the flagellar beat of bull sperm is~50 lm, and a survey of beat wavelengths from a broad variety of species from sea urchins to humans indicates that all are less than 70 lm (Ref. 7) . These arguments suggest that the axonemal beat is constrained by the material properties of the constituent molecules. To what extent are other cellular structures limited by the material properties of their constituent molecules? What are the safety factors?
Future Prospects
We are just beginning to get an understanding of how molecules shape cells. Gravity is not a limitation because inertial forces are very small at molecular and cellular dimensions. However, as we scale down beams, the flexural rigidity becomes very small because the second moment of area scales with the 4th power of the diameter. This has several implications. First, filaments bend under thermal forces, and this puts an upper limit on the lengths of individual filaments as structural elements. Second, filaments buckle more easily and this sets an upper limit of the length of a filament as a compressive element. In this regard it is interesting that the viscoelastic properties of the cytoplasm, probably due to the presence of numerous actin filaments, can oppose the formation of large amplitude buckles and this can significantly strengthen microtubules as compression elements. 6 And third, in order to build strong structures that resist bending and buckling, the filaments can be strengthened by crosslinking. Bundling represents a second step in a hierarchy of possible structures formed with filaments. Interestingly the flexural rigidity of a bundle depends on its length and number of constituent filaments. Full coupling is only achieved when the bundle is long enough, in which case it behaves as a ''slender filament'' (L 2 ) NEa/k % EA/G where A is the cross-section area of the bundle). 3 At much shorter lengths, shear between filaments occurs, and this is useful in structures such as axonemes and hair bundles where shear plays a motor or sensory role. But the length dependence sets an upper size of these structures, else shear becomes secondary to filament stretch and compression.
We have not considered dynamics of the cytoskeleton: through depolymerization and polymerization the cytoskeletal filaments can turn over in as little as 1 min in some cells. This turnover is crucial in cell motility and division. An interesting consequence of this turnover is that the stiffness of the cytoskeletal network will depend on the time-scale, with high stiffness at short timescales and low stiffness on long timescales. 28 The binding and unbinding of crosslinks will also lead to lower stiffness on long timescales. 74 Furthermore, thermal fluctuations of semi-flexible filaments within gels also lead to interesting viscoelastic properties. 19, 34 Thus there are several mechanisms by which the dynamical properties of the cytoskeleton can influence the rheology of gels and cells.
The lengths of filaments determine the size and strength of cellular structures. But how is length regulated? 45 In muscle and RNA viruses, long molecules-titin in the case of muscle and the RNA in the case of the virus-act as molecular rulers to template length. However, cytoskeletal filaments are dynamic polymers and the length must somehow reflect the balance between growth and shrinkage. In this case, length control is difficult because polymers grow and shrink at their ends and there is no obvious connection of these processes to the length of the polymer. One possibility is that length may be regulated by the sliding force between polymers. 22 Another possibility is the action of depolymerizing kinesins such as Kip3p that depolymerizes long microtubules faster than short ones. 72 In combination with length-independent growth, this would give length control. 31 The identification of mutations in cilia length in the alga Chlamydomonas is an exciting approach towards understanding the molecular basis of length control. 68 Perhaps length feedback through length-sensing motors and signaling networks plays the role of ''master builder'' in setting the size of cellular structures.
This review has focused on the cytoskeletal filaments due to the research interests of the author. However, mechanics plays crucial roles in many other cellular processes. To properly understand the cell, we will need to know the mechanical properties of the chromatin, 8, 76 the nuclear envelope 11, 61 and the myriad of membraneassociated proteins that shape membranes and play essential roles in endocytosis and exocytosis. 
